P
osterior capsular opacification (PCO) is a well-recognized late complication of modern phacoemulsification cataract surgery and occurs in 25% to 50% of patients by 5 years after surgery. 1, 2 It results in a disabling decrease in visual acuity and is treated with neodymium:YAG laser capsulotomy. However, this requires further hospital attendances and exposes patients to the risk of complications such as retinal detachment and cystoid macular edema. 3, 4 The incidence of PCO has not decreased significantly despite surgical advances. 2 Ideally, if PCO could be eliminated, there would be considerable economic benefit to healthcare systems and improvements in patients' quality of life.
After cataract surgery, the three of the commonest types of intraocular lens (IOL) implant biomaterials used are polymethylmethacrylate (PMMA), silicone, and acrylic. Previous studies have shown a significant difference in the PCO rate among these lens materials. It has been shown that there is a lower PCO rate with acrylic IOLs, [5] [6] [7] [8] [9] [10] [11] the exact reasons for which are unclear. It may be that multiple factors are involved. Some reports suggest that the design of the IOL is important, 10, 12, 13 others state that the adhesive properties of the lens material may be relevant, 6, 7, 10 as soft acrylic IOLs show greater lens epithelial cell (LEC) adhesion than do PMMA and silicone lenses.
14 Fibronectin is an important extracellular matrix protein and has been shown to be the main extracellular protein responsible for the attachment of the hydrophobic soft acrylate IOL (AcrySof IOL; Alcon Laboratories, Fort Worth, TX) to the lens capsule. 15 Linnola 16 has proposed the "sandwich theory" to explain the lower rate of development of PCO in acrylic IOLs. He suggests that further ingrowth of epithelial cells is prevented by the adhesion of the IOL to the LEC and this then to the capsule.
The focus of the present study was to examine the adhesion of human LECs to different IOL biomaterials. To our knowledge, there have been no reports outlining the in vitro rate of LEC attachment to IOLs after coating them with a commercially available fibronectin preparation. The second part of this experiment therefore was to see whether coating different IOLs with fibronectin would alter the rates of lens epithelial adhesion. If it were possible to alter the LEC adhesive properties of different IOL biomaterials, it might eventually promote adherence of the IOL to the lens capsule and reduce PCO.
The goals of this study were to measure LEC attachment rates in vitro to silicone, PMMA, and acrylic IOLs and then to determine the effect on these cell attachment rates after applying a fibronectin coating to all three types of lenses.
METHODS
An extensive literature review was performed, and previous reported techniques 17, 18 were modified as follows. In this study, a human LEC line was used. The cell line had been immortalized with the large T-antigen of SV40 and the epithelial nature of the lens cells was confirmed in our laboratory with a pancytokeratin antibody (clone C-11; Sigma-Aldrich, Poole, UK; Fig. 1 ).
The cells were grown to confluence in T75 flasks containing DMEM (Dulbecco's modified Eagle's medium; Invitrogen, Paisley, Scotland, UK) supplemented with 10% fetal calf serum and 5 mg/mL Primocin (InvivoGen, San Diego, CA). At confluence, the cells were washed in phosphate-buffered saline (PBS), trypsinized, centrifuged at 1600 rpm, and resuspended in medium to give a cell concentration of 6 ϫ The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.37°C. After this time, 1 mL of DMEM with fetal calf serum was gently added to the well and the cells incubated at 37°C for 24 hours. After incubation, the lenses were examined with a phase-contrast inverted microscope (Nikon, Tokyo, Japan). With the aid of an eyepiece graticule, the total number of attached LECs per IOL was recorded. This procedure was performed by one of the authors (GM) who was blinded to the lens type. The counts were then repeated to ensure reproducibility by another of the authors (CAC). The cell counts were comparable between authors. Each experiment was duplicated (18 IOLs) and then repeated with different cell concentrations. In total, cell concentrations of 4 ϫ 10 4 /mL, 6 ϫ 10 4 /mL, and 7.5 ϫ 10 4 /mL were used (18 IOLs at each concentration), to test reproducibility at each dilution.
A second experiment was performed with IOLs coated with fibronectin (from bovine plasma, Sigma-Aldrich). Six lenses of each material were coated with fibronectin (total number, 18) and these coated IOLs were then seeded and incubated as before with LECs at the chosen cell concentration of 6 ϫ 10 4 /mL. The total number of attached LECs per IOL was again recorded and the results compared with an equal number of matched uncoated lenses (n ϭ 18). The technique for coating the lenses was as follows; Fibronectin (from bovine plasma; Sigma-Aldrich) was diluted with sterile distilled water to give a working concentration of 2 g/cm 2 . Fibronectin solution (300 L) was added to each well of a 12-well multiplate, and an IOL was then placed in each well. The lens was allowed to incubate for 1 hour and then removed and placed in a fresh multiplate to dry at room temperature. Using the cell concentration of 6 ϫ 10 4 /mL the lenses were seeded and incubated as before. Statistical analysis was performed on computer (SPSS ver. 12.0.1; SPSS, Chicago, IL). Before analysis, all cell count data was log transformed. Initially, groups were analyzed with analysis of variance. Subsequent post hoc analysis was performed with the Student-Newman-Keuls test. P Ͻ 0.05 indicated statistical significance.
RESULTS
In the uncoated lens group, the LECs were more readily attached to the acrylic lenses than to the silicone or PMMA lenses (Fig. 2) .
Analyses showed that this result was statistically significant (P Ͻ 0.001; Table 1 ). These differences were present at all three cell concentrations used (Table 2) . For IOLs coated with fibronectin, there was no significant difference in human LEC adhesion among the three IOL types (P ϭ 0.605; Table 1 ).
Coating the lenses with fibronectin had a considerable effect on cell attachment (P Ͻ 0.001; Fig. 3) .
The results of post hoc analysis using the Student-NewmanKeuls test show that there is a difference in LEC attachment between acrylic and silicone IOLs, and between acrylic and PMMA IOLs, but not between PMMA and silicone IOLs.
A power calculation was not performed at the commencement of this study because of limited data availability. In retrospect, we can assess the power of the analysis of the fibronectin-coated lenses. Given the variability evident in our data, our study had 90% power to detect as statistically significant (P Ͻ 0.05) a difference between two geometric means of LEC adherence of 0.118. This corresponds to a ratio of geometric means of 1.3 (i.e., a difference of LEC adherence between two lenses of 31%). The basic assumptions for ANOVA (normality and variances) statistical calculations were met. For normality, the data were log transformed, and a plot of the residuals showed adherence of log-transformed data to normality (Fig. 4) .
DISCUSSION
Previous studies have shown a significantly lower PCO rate for acrylic IOLs, 5-11 the reasons for which are controversial. Theories postulate that it may have to do with the structural design of the IOL. The square truncated optic edge is reported to act as a mechanical barrier and impede migration and growth of the LECs behind the optic. 10, 12, 13 Some reports suggest that the lens surface properties themselves are more relevant, rather than edge design. 5 It may be that the adhesive properties of the lens material are also important in causing the capsular bag to stick to the capsule, leaving no space for the cells to migrate. 7, 10 Soft acrylic IOLs show greater LEC adhesion than do PMMA and silicone lenses.
14 In this study, the initial experiment confirmed these findings, showing that LECs attached more readily to the acrylic lenses than to the silicone or PMMA lenses.
IOLs coated with heparin have been used in patients with inflammatory eye disease. However, the PCO rate with these lenses, at 2 years after implantation is still much higher than that with AcrySof lenses. 19 Versura et al. determined that the density of LECs cultured on heparin-surface-modified PMMA (HSM PMMA) IOLs significantly decreased after 72 hours, and spreading was incomplete with no focal contacts. They suggested that on HSM PMMA IOLs, surface LECs form only transient focal contacts earlier than 24 hours and then disaggregate. This is in contrast to the increased epithelial cell adhesion they found with non-HSM PMMA IOLs. 20 In another study in which IOL performance was analyzed in uveitic eyes, 21 hydrophobic acrylic lenses had the lowest inflammation scores 1 day after surgery, and the trend continued up to the 3-month follow-up. Both acrylic and HSM PMMA IOL groups had the lowest incidence of uveitis relapses. The researchers concluded that IOL implantation in selected uveitic eyes was safe but acrylic IOLs had a lower complication rate than did the IOLs of other materials. Therefore, the degree of LEC adhesion to IOLs cannot be the only mechanism; other factors must be involved.
Linnola et al. 22 evaluated the adhesion of various in vivo extracellular matrix components to IOLs in pseudophakic human donor eyes obtained at autopsy. They found that fibronectin was the mediating extracellular protein between the capsule and LECs and between the LECs and the IOL surface in eyes with an acrylate IOL and that hydrophobic soft acrylate IOLs had more fibronectin adhering to their surfaces than to PMMA or silicone lenses. They proposed that fibronectin acts as a bioactive bond between IOL and the capsule, leading to the reduced PCO rates observed in eyes with a soft acrylate lens. In another study, fibronectin was found to adhere best to acrylate IOLs. 23 However, differences in fibronectin adhesion rates between IOLs may be dependent on the fibronectin concentration used and appear to be significant at higher concentrations. 24 These observations suggest that fibronectin has a major role in the adhesion of LECs to IOLs.
The use of human LEC lines is controversial, in that they may not be representative of human LECs in vivo. However, for this study, the cell line was used because it was convenient and readily available and has provided encouraging preliminary results. The authors have further work ongoing to see whether these differences are replicated using primary human lens cell cultures. The number of attached cells per IOL was counted using an eye-piece graticule. This technique posed several problems. The method was laborious and technically difficult initially, particularly with the acrylic lenses. However, the technique did not take long to learn and results were reproducible between the authors who performed the counts. Another possible method to count the cells would have been to use a flow cytometer or a hemocytometer. The latter technique was attempted initially in this experiment but it was found to Data are expressed as the geometric mean (range), n. Uncoated: F ϭ 22.5; df ϭ 2, 15; P Ͻ 0.001. Coated: F ϭ 0.519; df ϭ 2, 15; P ϭ 0.605. be too inaccurate, especially with those lenses that only had a few adherent cells. Hence, it was more reproducible and accurate to count the cells in situ with the graticule. The pictures show a significant difference between the IOL types, and the graticule counting method has clearly confirmed this.
In conclusion, this study confirms that cells from a human LEC line attach more readily to acrylic IOLs than to PMMA or to silicone IOLs in vitro. Coating the lenses with a commercially available fibronectin preparation appears to negate the effect of the lens material in vitro, and markedly increased the cell adherence to all three types of lenses. We hypothesize that the fibronectin coating may act as a bond between the LECs and the IOL. The present study, however, provides no information on whether fibronectin would also promote adhesion of inflammatory cells to the IOL in vivo. Future experiments are necessary to determine whether coating IOLs with fibronectin can increase the adhesion between the IOL and the lens capsule after cataract surgery and consequently to determine whether this effect would have further implications for the prevention of PCO. 
